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ABSTRACT
There is an ever increasing emphasis to produce heating, ventilating, and air conditioning (HVA C) systems with
zero ozone depletion potentiaL With an abundance of reliable HVAC equipment in operation with ozone depleting
refrigerants, a short to medium term option for producing such systems would be to retrofit the ozone depleting refrigerant
with an appropriate hydrofluorocarbon (HFC) refrigerant. This alternative provides a quick and relatively inexpensive
solution. In this study, fifteen HVAC systems containing 20 compressors which were designed, built, and operated with
R-22 and alkylbenzene (AB) or mineral oil (MO), were retrofitted with R-407C and polyol ester (POE) oil. The units were
then endurance tested for 2000 hours to determine the feasibility of this retrofit situation and its impact on compressor
reliability and wear. The results of this program generally support the conclusion that R-407C and POE oil will not cause
unacceptable compressor wear or performance degradation when used for retrofit of R-22 systems provided certain
precautions are observed. This paper will further present observations and data on post retrofit inspections and testing.

INTRODUCTION
The most widely used refrigerant for residential and many commercial HVAC applications is hydrochlorofluorocarbon 22 (HCFC-22 or R-22). This refrigerant has been used in these applications since the early 1960's and systems
using it have an excellent track record for reliable operation. While according to the most recent Montreal Protocol [1] R22 is not scheduled for complete production phaseout until 2030, in some countries proposals are being considered that
would, if implemented, significantly accelerate the phaseout schedule.
Due in part to the uncertainty in the phaseout schedule of R-22 and in keeping with the desire to use more
environmentally friendly, yet safe refrigerants, some equipment owners may elect to retrofit existing R-22 systems with
zero ozone depletion refrigerants. One of the leading candidate replacements for R-22 is R-407C, a zeotropic mixture of
HFCs R-32, R-125, and R-134a. A widely accepted compressor lubricant for use with HFCs is POE oil.
While attractive from a theoretical standpoint, such retrofits raise some concerns over and above those resulting
from any mismatch of new and old refrigerant-lubricant physical or thermophysical properties. One such concern is that of
cleanliness, in particular the impact of residual contaminants on system chemistry and compressor/system reliability. The
difference in solvency of the HFC-POE combination may increase the amount of circulating contaminants or debris,
causing problems with system clogging. The inevitable contamination of the R-407C/POE system with R-22 and AB or
MO may lead to other operating problems. All of these factors raise questions about the potential reliability of the retrofit
system in general, and the compressor in particular.

Test Units and Conditions

To investigate the magnitude of these effects, fifteen HVAC systems, containing 20 compressors, which had been
designed, built, and operated with R-22 for 200 to 11800 hours, were retrofit with R~407C and POE oil, then subjected to a
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2000 hour typical-use endurance test. The compressors involved were hermetic scroll and reciprocating compressors, and
semi-hermetic reciprocating compressors operating in residential split condensing units and heat pumps, and water-cooled
and air-cooled chillers. Table 1 lists the test unit information.
TABLE 1. Test Unit Information
Number Nominal .. Compressor
Orighral Operation •·• • Expansion ·
l'ype
of Units•· Capacity
Type
Oil
·•with R-'ll ., •. ,. ·' ..•'JJevice,.•''· ,·.
(tons)
{hours)
Residential Split -- Cooling
2
3.0
Scroll
AB
300
Fixed orifice
Residential Split -- Cooling
3.0
2
Reciprocating
MO
300
Fixed orifice
Residential Split -- Cooling
2
3.5
Scroll
AB
10000, 11800
TXV
Residential Split -- Heat Pump
2
3.0
AB
Scroll
800
Fixed orifice
Residential Split -- Heat Pump
3.0
2
Reciprocating
MO
900
Fixed orifice
Residential Split -- Heat Pump
2
3.0
Scroll
AB
7300,8200 Fixed orifice
Commercial Air-cooled Chiller*
95
1
(3) Reciprocating**
MO
200
EXV
Commercial Air-cooled Chiller*
l
(4) Reciprocating**
110
MO
1000
EXV
Commercial Water-cooled Chiller
I
Reciprocating**
30
AB
TXV
3300
* System contams two separate refrigerant circuits
** Semi-hermetic
AB =alkyl benzene, MO =mineral oil, TXV =thermostatic expansion valve, EXV =electronic expansion valve
Uriit

To replicate alternate field practices, various methods were used to determine oil and refrigerant recharge
amounts. As a result, R-407C charge amounts used were between 88% and I 08% of the R-22 nameplate amounts. Also,
the number of flushes, or oil changes, with the POE oil varied from one to three, permitting systems to operate with
residual oil (AB or MO) contamination from 2% to 20%.
To determine the feasibility of these retrofit situations and their effects on compressor reliability and wear,
compressor performance was measured before and after the endurance test, oil samples were analyzed, and compressor tear
down inspections were conducted at the conclusion of the tests. Following are the results of these analyses.

COMPRESSOR CALORIMETER TEST RESULTS
The capacity and efficiency (energy efficiency ratio or EER) of five compressors were measured before and after
the 2000 hour test to observe changes in compressor performance due to the retrofit situation. Table 2 lists these variations
in compressor performance of the five selected compressors.
TABLE 2. Compressor Performance Change

.... · ·•·•••· .',' . ·• ,Unit."'

:>. . . ..,. •· .: •Typ~ . •

.·. . •· ·.·· · ·•· Ciin(pressor
··
· · .. tYil~ ·• •

.

CapaCitY .

.,.E'ER•·

·. ·. <% <;~ang~r·· .·. <%. ct~~il~¢1···' •

I. Residential Split-- Cooling
Scroll
-1.1
-0.9
2. Residential Split-- Cooling
Reciprocating
-1.5
+0.3
3. Residential Split-- Heat Pump
Scroll
-1.0
-1.1
4. Residential Split-- Heat Pump
Reciprocating
+0.3
-3.6
5. Commercial Air-cooled Chiller
Reciprocating*
+2.7
+5.8
* Semi-hermetic
The minimum detectable difference, due to inherent measurement accuracies, for capacity is 3.1 %, for EER 3.2%.

Modest changes in performance were seen at the conclusion of the endurance test. These changes are comparable
to those experienced when operating similar units with R-22. The compressors in units 1, 2, and 3, listed in Table 2, did
not experience any detectable degradation in capacity or efficiency over the 2000 hour test. The compressor in unit 4 did
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experience a measurable loss in EER, however, it passed the standard performance requirements (the standard limit
associated with a compressor failure is a loss in capacity or efficiency greater than 5%).
The semi-hermetic reciprocating compressor (item 5) showed a measurable increase in efficiency after the
endurance test. This performance improvement can be attributed to the wearing-in of parts, which can enhance
performance.

OIL SAMPLE ANALYSES
Oil samples were analyzed at different points throughout the test to measure residual oil concentration, moisture
content, and metal content. Table 3 lists the oil analyses conducted at the conclusion of the test. Based on the HV AC
manufacturer's specifications, the maximum acceptable moisture level for a POE oil sample is 50 parts per million (PPM).
Analysis of metal content includes iron (Fe), copper (Cu), aluminum (AI), lead (Pb), tin (Sn), nickel (Ni), chromium (Cr),
zinc (Zn), silicon (Si), and phosphorus (P). If the metal is not listed in Table 3, the reading was less than five PPM.

Unit

Trne

TABLE 3. Post-Test Oil Sample Analyses
ColjJ,press()r
Origi~~~ ·operatio~ Number Residual. Moistil~e j .Metal
Oil.
c:iton
type
. ()il . withR-22
· Cont(lnt ·. Co~tent
(PPM) . L (PPM}
(hours)
Flushes.
(%)

I

300
MO
Reciprocating
I. Res. Split - Cooling
300
MO
2. Res. Split - Cooling
Reciprocating
300
AB
Scroll
3. Res. Split- Cooling
300
AB
Scroll
4. Res. Split - Cooling
11800
Scroll
5. Res. Split- Cooling
AB
10000
Scroll
AB
6. Res. Split - Cooling
900
MO
Reciprocating
7. Res. Split- Heat Pump
900
MO
8. Res. Split - Heat Pump
Reciprocating
Scroll
9. Res. Split- Heat Pump
800
AB
Scroll
800
10. Res. Split- Heat Pump
AB
7300
Scroll
11. Res. Split - Heat Pump
AB
8200
Scroll
12. Res. Split- Heat Pump
AB
200
13. 95 Ton Chiller- ckt 1
(2) Reciprocating*
MO
200
Reciprocating*
14. 95 Ton Chiller- ckt 2
MO
1000
15. 110 Ton Chiller- ckt 1 (2) Reciprocating*
MO
1000
16. 110 Ton Chiller- ckt 2 (2) Reciprocating*
MO
17. 30 Ton Chiller
3300
Reciprocating*
AB
* Semi-hermetic
** Si and P readings were not available at the time of the sample.

2
1
2
1

1
1
1
I
1
1
1
1
3
3
1
3
2

8.6
14.4
7.5
12.6
13.0
19.0
14.1
11.6
10.5
18.0
17.0
14.0
2.0
2.0
18.0
2.0
8.0

15.9
li.5
16.3
14.0
3.5
3.4
62.5
33.5
56.5
36.2
45.5
42.3
37.8
42.9
10.7
15.9
14.5

**

*·;-----

**
**
Fe-8, P-250
P-94
P-8.5
P-285
P-196
P-225
P-287
Fe-30 **

Al-6

Residual Oil Concentration
Residual oil concentration, which may affect compressor performance and wear, was measured to indicate the
homogeneity of the POE oil during the test and to obtain an approximation of what may be expected after changing the oil
once, twice, or three times. After the first oil change, we found an average residual oil concentration of 13% in hermetic
reciprocating, 16% in scrolls, and 21% in semi-hermetic reciprocating compressors. For the second and third oil changes
in semi-hermetic reciprocating compressors, we found 5% and 2% residual oil concentrations, respectively. It is likely that
a service person would perform only one oil change to a residential split unit because it is necessary to recover the
refrigerant, remove the oil from the compressor, recharge with fresh oil, then evacuate the unit before recharging with
refrigerant and starting the unit, a time consuming process. Commercial equipment is more likely to receive more than one
oil flush because of service contracts or "in house" maintenance programs that maintain and upgrade the systems. Also,
because of a valve usually located at the oil sump, changing the oil is more convenient for semi-hermetic reciprocating
compressors.
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Moisture Content

High moisture levels can induce copper plating which coats bearing surfaces. If it is excessive, this coating may
close clearances, reducing the effective area for the oil film to develop. Therefore, the hygroscopic quality of the POE oil
can create a potential problem. Two samples shown in Table 3 (items 7 & 9), along with samples of the rrrst oil flush from
each circuit of the 110 ton air·cooled chiller (not listed), have moisture contents greater than the 50 PPM limit. This
illustrates the affmity POE oil has for moisture and the difficulty to maintain moisture levels within specifications. It is
likely that more care or precaution was executed to control the moisture in this program, than would transpire in a field
situation. The effect of this moisture is discussed in the following section of this paper. A filter·drier containing molecular
sieve desiccant, a recommended desiccant for HFC·POE applications [2], was used to reduce the moisture in each system.

Metal Content

The presence of metals in the oil generally indicates wear to the running gear in the compressor. For example,
high levels of zinc and tin would suggest that there is wear occurring at a bronze bearing.
Significant levels of phosphorus were observed in the oil samples taken at the completion of the 2000 hour test.
There are two known sources of phosphorus in each of the scroll compressors: (1) an additive used in the AB oil and (2) a
coating used in the scroll element. A sample of the original (unused) AB oil with this additive would contain
approximately 2400 PPM phosphorus, therefore, it can be assumed that the majority of the contribution comes from the
additive. Wear of the coating used on the scroll element is likely to be contributing, but at a lesser magnitude and is
generally not a concern until significant amounts of iron are also found. Iron signifies wear to the cast iron scroll element
which the coating is protecting.
There are also two known sources of phosphorus in the hermetic reciprocating compressors (items 7 & 8): (1) a
coating used on the piston rings and (2) a processing fluid used during manufacturing. Past experiences indicate that
phosphorus levels, due to wear of the coating on the piston rings, are generally between 5 and 10 PPM. This explains the
8.5 PPM of phosphorus found in the oil of item 8. It is probable that the 285 PPM found in the oil of iteni 9 is dtie to
improper removal/cleansing of the process fluid. The POE oil used contained no significant levels of phosphorus.
Iron and aluminum were also observed in post·test oil samples. The 8 PPM of iron found in the oil sample of the
scroll compressor (item 5) is due to moderate wear to the cast iron scroll element. The amount of wear observed was
anticipated considering the amount of R·22 operating hours, equivalent to nearly 8 full cooling seasons, accumulated prior
to retrofit.
The 30 PPM of iron found in the oil sample of the scroll compressor (item 12) is due to the excessive wear of cast
iron parts caused by the failure of a crankcase·to·shell attachment 1680 hours into the endurance test (9900 total hours of
compressor operation). Failure of the attachment allows the crankcase to shift, thereby causing misalignment, excessive
wear, and eventual failure. This failure was not attributable to R·407C and POE oil.
The aluminum found in the oil sample from the 30 ton water-cooled chiller (item 17) comes from wear to an
aluminum component in the compressor. This wear was caused by damage sustained by a valve and was not attributable to
R-407C and POE oil. It was determined that the damaged occurred prior to retrofit based on the dark color of the original
oil and no noticeable change in sound or system performance after retrofit. Also, aluminum was observed in the oil sample
taken prior to retrofit.
Several of the oil samples, particularly from units which had operated with R-22 for longer periods, were
discolored (blackened). These aged systems have a greater potential to contain contaminants because of unit modifications
or rework (brazing residue), chemical breakdown of the oil, refrigerant, or internal parts, and wear to running gear of the

compressor. The contaminants were also observed as a dark residue in the filteNiriers and expansion devices of the units,
and on valve plates of hermetic reciprocating compressors and slider blocks of scroll compressors.
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COMPRESSOR TEAR DOWN INSPECTION
Compressor tear down inspections were performed at the conclusion of the 2000 hour test. The shells of the
hermetic compressors were cut open, semi-hermetic reciprocating compressors were disassembled, and the internal
components and contact surfaces were visually inspected for wear, scoring, discoloration, and abnormalities.

General Observations

Light to moderate wear and indications of foreign material (light scoring) were observed on the running gear of
various compressors. Moderate wear was found on the running gear of compressors with more extensive R-22 operating
hours. Foreign material was also observed more heavily in compressors with more extensive R-22 operating hours.
Overall, compressor parts appeared adequately lubricated with some compressors containing particulate debris or
contaminants, causing scoring of contact surfaces. Valve damage and failure of a crankcase-to-shell attachment, mentioned
in the previous section, were observed during the compressor tear down inspections. These observations were caused by
normal system operation and were not a direct result of the use ofR-407C and POE oil.
A black deposit, saturated with oil, was observed on the valve plates of hermetic reciprocating compressors and
can be attributed to the R-407C and POE oil. This deposit is thought to be the result of cleansing of the internal surfaces of
the system by the circulating R-407C and POE oiL This scouring effect, where the HFC-POE combination acts to dislodge
system contaminants, draw them into circulation, then deposit the contaminants at locations where changes in pressure,
temperature, and/or phase occur, has been observed in R-12 to R-134a retrofits [3]. The deposit was analyzed and in
addition to the POE lubricant, a waxy, hydrocarbon material was detected along with particles primarily composed of iron,
copper, and zinc. Aluminum and phosphorus were also present. A similar black deposit, again containing phosphorus, was
found on the slider block of scroll compressors. This black deposit has not been observed in typical R22/MO applications.
It did not appear to affect compressor performance.
Copper plating, attributable to the high moisture affmity of POE oil, was found in the compressors containing oil
with moisture contents above the specifications (7 & 9 from Table 3), while no copper plating was observed in similar
compressors (8 & 10 from Table 3) with lower moisture contents. The copper plating-observed was not at a severe level,
thus did not affect lubrication of the bearings. Longer exposure, or exposure to POE oil with higher moisture levels, at the
observed moisture levels may promote excessive copper plating. Therefore, special precautions are recommended when
handling POE oil, which may be more difficult to control during field service.

Effect of Residual Oil Concentration

Since it was theorized that high residual oil concentration may affect the amount of wear to the running gear of the
compressor, the oil was changed more than once in eight of the 20 compressors, varying the residual oil concentration.
Also, two different methods were used to determine the amount of oil to recharge the hermetic compressors: (1) the
recommended amount according to the specifications and (2) the amount of original oil that was removed. Overall, the
residual oil concentrations used during the 2000 hour test varied from 2% to 20%. When comparing similar compressors
with similar operating hours but different residual oil concentrations, there were no distinct differences - the compressors
exhibited similar wear. Prior testing with I 00% residuals has indicated both oil transport and unit performance issues. It
should be noted that this was typicai-use testing and not a compressor qualification test which force compressors to operate
at the boundaries (worst case) oftheir operating envelopes. Qualification tests stress the compressor by affecting oil return
capacity, operating at high temperatures, pressures, and flooded conditions, etc. This added stress promotes wear and
draws out possible failure modes, which was not in the scope of this typical-use test.
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CONCLUSIONS
The results of this program indicate that compressors can perform satisfactorily in systems retrofit with R-407C
and POE oil.
• The performance change of the compressors, measured before and after the endurance test, are modest and should be
similar to those experienced when operating with R-22, indicating significant wear should not be experienced during
normal operation.
• Compressor reliability should be comparable to that experienced with R-22. There were no compressor failures due to
R-407C and POE. The results of the compressor tear down inspections and metal content analyses of the oil indicate
that the compressors were adequately lubricated and did not experience wear over and above what would be expected
in an R-22 endurance test.
• Residual oil contamination levels from 2% to 20% were tested. Compressor wear did not appear to be affected.
• A black deposit found on the valve plates of hermetic reciprocating compressors and slider blocks of scroll
compressors did not appear to affect compressor performance, however, failure of other system components have been
observed.
Despite these generally positive results, there are some special precautions which should be observed when
retrofitting R-22 systems with R-407C.
• Due to the hygroscopic quality of POE oil, high internal moisture levels can easily occur promoting copper plating of
bearing surfaces in the compressor. It is therefore recommended that a molecular sieve type filter-drier be installed at
the time of retrofit for removal of moisture and suspended particles. Also, exposure to the atmosphere should be
limited by keeping the oil container sealed until it is time to charge the compressor. This should be the last step in the
retrofit process before installing the compressor and evacuating the system to 50 microns or lower.
• Although the existing lubrication systems in the compressors that were tested performed satisfactorily, compressor
manufacturers may recommend modifications for retrofit.
• Neither AB or MO is miscible with HFC refrigerants and both have low HFC solubility. A potential therefore exists
for inadequate oil return, resulting in compressor wear and/or unit performance loss. While it appears from this study
that residual oil contamination levels of 20% do not cause problems, it is advisable when retrofitting, to remove as
much residual oil as possible. Prior experience suggests that residual oil contamination should be no more than 15%,
attainable with a single oil change.
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